The fundamental idea that many body systems in complex materials may selforganise into long range order under highly non-equilibrium conditions leads to the notion that entirely new emergent states with new and unexpected functionalities might be created [1] [2] [3] [4] [5] [6] [7] . In this paper we show for the first time that a complex metastable state with long range order can be created through a non-equilibrium topological transformation in a transition metal dichalcogenide. Combining ultrafast optical pulse excitation with orbitally-resolved large-area scanning tunnelling microscopy we find subtle, but unambiguous evidence for long range electronic order which is different from all other known states in the system, and whose complex domain structure is not random, but is described by harmonics of the underlying charge density wave order. We show that the structure of the state is topologically distinct from the ground state, elucidating the origins of its remarkable metastability. These fundamental insights on the mechanism open the way to in-situ engineering of the emergent properties of metastable materials with ultrafast laser pulses. 
Photoexcited metastable states in crystals have lifetimes which typically range from picoseconds to microseconds [1] [2] [3] [4] [5] , which makes it hard to investigate their structure in sufficient detail to reveal transient mesoscopic or microscopic order 8 . Uniquely, as a model system, 1T-TaS 2 (TDS) has a metastable state with a temperature-tunable lifetime, which is usefully long on laboratory timescales at low temperatures 6, 9 . This opens the possibility of studying not only the fine structure, but also the mechanism for metastability with high resolution scanning tunnelling microscopy (STM). In this layered di-chalcogenide system the competition of lattice strain, a Fermi surface instability and Coulomb interactions leads to many emergent phases and a multidimensional multi-parameter phase diagram [10] [11] [12] . It is also known to have photoexcited metastable states outside the equilibrium phase diagram ( Fig. 1a,b ). In equilibrium, the high-temperature metallic state of TDS is unstable towards a three-pronged quasi-two dimensional Fermi surface nesting instability 13 causing first a transition at T IC = 540 K to a uniform three-directional incommensurate (IC) charge density wave (CDW) state, then a nearly-commensurate state at T N C = 350 K with nearly commensurate (NC) patches separated by domain walls (DWs) 14 , and eventually to a fully commensurate (C) state below 180 ∼ 220 K shown schematically 14, 15 in Fig. 1a . The localized electrons in the C state have a remarkable star of David (DS) 'polaron lattice' structure, (Fig. 1d ) where in each polaron exactly one electron is localised on the central Ta of the DS and the 12 surrounding Ta atoms are displaced towards it.
Photoexcitation by a single ultrafast optical pulse shorter than ∼ 4 ps was shown to cause an insulator-to-metal transition (IMT) to a mestastable hidden (H) state, but the only indication that this state might have long range order (LRO) came from a tiny shift of frequency of the collective amplitude mode of the CDW 6 . The authors attributed the IMT to a transformation of the insulating C state to a stripe-textured charge-symmetry broken state under non-equilibrium conditions. However, no direct experimental evidence for LRO was so far presented in this, or any other system created under nonequilibrium conditions.
IMT switching caused by direct charge injection through electrodes was soon demonstrated in TDS [16] [17] [18] [19] [20] [21] [22] while switching by STM tip revealed that the uniform CCDW can be broken into non-periodic domains similar to what one might expect for a supercooled NC phase.
No LRO was observed however 18, 19 . Apparent new states were found by ultrafast electron diffraction (UED) 22 at significantly larger photoexcitation densities, but the k-space resolution was insufficient to resolve the ordering vector or the domain structure, so the important fundamental conceptual question whether metastable LRO can form under non-equilibrium conditions remains unanswered. Here we have used in situ ultrafast optical switching in combination with a low-temperature orbitally resolved STM to show unprecedented structural details of the photoexcited metastable state both on mesoscopic and microscopic scales, and reveal the subtle, but fundamentally important distinctions between its electronic LRO and the numerous other states in the system.
Results
We photoexcite freshly in-situ cleaved single crystals of TDS with focused 50 fs single pulses at 400 nm within a UHV STM chamber. A scanning electron microscope is used for accurately positioning the tip and the beam on the sample (Fig. 1e ). The pulse fluence was adjusted to just above switching threshold at 0.9 mJ/cm 26 . To determine both LRO and local structure of charge modulation, STM images of C, NC and H states were measured on different length scales (Fig. 2 ). Large area scan shows a regular polaron lattice in the C ground state at 4.2 K (Fig. 2a) . Above 280K, in the NC state this breaks up into a semiregular modulated structure (Fig. 2c) . The corresponding atomic-scale images are shown in Fig. 2b and d respectively. In the photoexcited H state at 4.2 K (Fig. 2e ) the uniform C lattice is transformed into domains of diverse sizes and shapes, separated by sharply defined walls. An important observation is that the actual pattern is different every time the experiment is performed, indicating that the domain structure is determined by the intrinsic fluctuations and the underlying ordering process rather than sample defects and imperfections.
Fourier transforms (FTs) of the large-area scans show a set of peaks shown in Fig. 3 with exceptional reciprocal space resolution, allowing us to study fine details of the different charge modulations described by the vectors Q
H , for the NC, C and H states respectively. FTs of atomic resolution scans (Figs. 3a,e) for the C and H states respectively allow us to determine the relation between charge modulation vectors and the underlying atomic lattice vectors a * and b * for either state.
In the C state, CDW wavevectors ±Q
C appear as the six brightest peaks in the FT in Fig. 3a . Less intense atomic peaks coincide exactly with the linear combination of the CDW vectors, a * = 3Q
(1)
C (Fig. 3b) , defining the CDW commensurability with the underlying lattice. The NC state has additional domain structure, giving rise to peak splitting in the FT. Fig. 3c shows the CDW unit cell, where each vertex consists of one bright superlattice peak surrounded by several less intense satellite peaks. The bright peak corresponds to fundamental CDW wavevectors Q C , so a discommensuration (domain wall) must occur every time the deviation between the commensurate and the real CDW lattice is equal to one interatomic distance. This determines the phase jump between two neighbouring domains (shown by the dashed line in Fig. 2g ). Non-linear mixing of CDW components 14 gives rise to additional modulations and resulting satellite peaks (Fig. 3d) , at:
The interference between the different orders produces a periodic domain structure with wavevector k
sat , as shown in Fig. 3c 14 .
In the photoexcited state, we first ascertain the relation between the atomic lattice peaks and the CDW lattice peaks from a FT of atomic resolution STM image of several domains
24
( Fig. 3e) . From the position of the second order CDW peaks (for higher accuracy) we obtain φ = 13.45 and NC -in a region of parameters where no states have been observed before.
The periodicity of the CDW and the domains in the H state can be determined from
FTs of large area scans over 200 × 200 nm 2 , revealing underlying hidden order within the domain network. We see six high-intensity peaks with rich satellite structure in their vicinity (Fig. 3f) . The largest amplitude modulation in the topographic image comes from individual polarons, giving the fundamental CDW vectors, Q H deter-mined from the atomic resolution STM image, the satellite position should be at Θ ≈ 1.87
• , which is indeed observed in Fig. 3f ,h. However, the H state displays a number of additional satellite peaks up to Θ max ≈ 9.5
• , with all of them belonging to the single fundamental vector (see Supplementary Fig. 5 ). The description of the H state thus cannot be obtained just by replacing Q N C with Q H , so we must look further.
Generally, a good overall phenomenological understanding of the equilibrium states is based on Landau theory by Nakanishi-Shiba (NS) 14 , where the discommensuration vector
C is used as the variable for an expansion of the free energy F . The minimum of F occurs when commensurability is achieved inside domains and the domains are optimally packed. Such packing is achieved by optimizing the phase shifts between domains. Formally, the domain structure can be written in terms of "harmonics" q
, where l, m, n are integers and k Supplementary Fig. 2 for details). While the NC state is described well with l, m, n = 1 ( Fig. 3c ) 14 , the H state requires higher harmonics to describe all the satellites up to Θ max ≈ 9.5
• .
In the H-state, the satellites along the k
domain domain direction in Fig. 3h can be fitted with harmonics of k (1) domain in the harmonic expansion using the angle φ and the length Q (Fig. 3e) . We note that these values are close to the first metastable state observed under optical excitation in time-resolved UED data 22 . There it was tentatively associated with a triclinic CDW, but our higher resolution allows us to associate it with the hidden state (see Supplementary Fig. 7 
Discussion
To understand how observed LRO forms with just-above-threshold photoexcitation, and why the electronic configuration remains stable after cooling, we first consider the sequence of events after the photons are absorbed. The electrons (and holes) are excited far out of equilibrium for a short time 1 ∼ 3 ps, their estimated peak temperature being near 1000 K 6 , while the lattice barely reaches 150K
T N C−C under these conditions. The C→H transition thus cannot be discussed as a global non-equilibrium symmetry-breaking transition, and a purely electronic ordering mechanism is required, without lattice involvement. 
Methods
The results presented here were measured in the custom-built Omicron Nanoprobe 4-probe UHV LT STM with base temperature of 4.2 K and optical access for laser photoexcitation ( Fig. 1e) . High-quality crystals of 1T-TaS 2 were synthesized with iodine vapor transport. Samples were cleaved in situ at UHV conditions and slowly cooled down to
Photoexcitation of 1T-TaS 2 single crystals was performed at 4.2 K (C-state) with a single 50 fs optical pulse at ∼ 400 nm (second-harmonic generation from 800 nm Ti-Sapphire laser)
focused onto a 100 µm diameter spot within STM UHV chamber. This ensures highly spatially homogeneous excitation on the scale of the STM scans (∼ 200,nm). It is important that photoexcitation energy density is carefully adjusted to be slightly above the threshold value (∼ 0.9 mJ/cm 26 ) for switching to the hidden state. Significantly higher excitation energies result in heating of the lattice above the phase transition temperature T N C−C 6 , which we want to avoid.
The surface was characterised each time before photoexcitation to confirm a defect-free initial C state. The beam was aligned at low power to hit the apex of the STM tip. Then the tip was retracted and a high-power single pulse was applied (Fig. 1e) . After approaching the tip, an area of the order of 500×500 nm 2 was checked for homogeneity.
Contrast adjustment in Fourier transforms is routinely used for analysis of STM data in 1T-TaS 2 and is described thoroughly in literature 15 . Here all FT images has max/min ratio of ≈ 2. 
C , Q
C ) -of the CDW reciprocal lattice. b, Sketch demonstrating commensurability condition in CCDW state in reciprocal space: reflexes of atomic (black) and CDW (red) lattices coincide for 3Q
(1) (Fig. 2c) shows the CDW reciprocal unit cell with clear splitting of CDW peaks. Inset zooms in the area within the black square. Highest-intensity Q 
where a * , b * are reciprocal vectors of Ta triangular atomic lattice, γ = Q (i) /a * is star of David size and φ is the rotation angle between CDW and atomic lattices.
In CCDW state the fundamental Q (i)
C is determined by the commensurability condition:
or, equivalently,
3Q
The above commensurability condition allows to calculate the ideal length of CDW vector,
C /a * ≈ 0.277, and its rotation w.r.t. atomic lattice, φ ≈ 13.9
Real space images of IC and C state can be readily built as the following sum:
where R is in-plane real-space vector. The sum term gives CDW modulation, the last two -atomic modulation. Supplementary Figure 1a Figure 1c) . This feature can be checked experimentally in atomic resolution STM images and is indeed observed in C, NC and H states (main text, Fig. 2b,d,g ). In contrast, violation of commensurability will result in irregular atomic configuration for each star of David, as illustrated in Supplementary Figure 1a . In NCCDW state the periodic domain structure appears, a model example of which is shown in Supplementary Figure 2a . Domains appear as brighter areas, which are separated by darker domain walls. CDW inside the domains is commensurate, but has different phase in neighboring domains. The phase change occurs inside the domain walls.
To describe such state it is necessary to add the vectors describing a domain network to
It can be modelled with simple approach used to interpret the early X-ray results 2 , which considers domain structure as a result of the interference of two triple CDWs. One of them is given by the three fundamental NCCDW vectors, whereas the other has smaller amplitude and is given by three additional vectors chosen in such way, that their linear combination with fundamental ones will be equal to some vector of reciprocal atomic lattice. This gives the new commensurability condition:
The corresponding vectors are shown in Figure 2b Figure 2a ). Real space image is then given by:
Full details of the nearly commensurate state are captured with Nakanishi-Shiba theory 1 , which considers NC state as a product of CCDW and periodic domain structure overlayed on top of it:
where
C are fundamental CCDW wavevectors and
∆ lmn exp(iq
is the modulation responsible for the domain structure.
Modulation periods are given by:
Equation 3
Here the last term is the discommensuration vector:
with Q (i) N C being the fundamental NCCDW wave vector (see Supplementary Figure 2d ). q (i) therefore represent the deviation from commensurability. The correct domain periodicity should result in the commensurate CDW inside the domains and thus can be calculated using commensurability condition similar to that for fundamental vectors (Equation 1):
Equation 5
The above equations are illustrated in Figure 2d .
These two approaches are equivalent and connected by the relation (Supplementary Figure 2c) :
sat .
Equation 6
Finally, additional satellites can appear from linear combinations of Q sat where i = j. This is equivalent to several of (l, m, n) coefficients being non-zero in NS model (Equation 3). For example, the satellite −k (3) domain will be seen near Q Figure 2e ):
Equation 7 Below we will refer to these satellites as −k
domain , where i determines the fundamental peak Q In order to get high value of satellite spread angle Θ max and small deviation of the CDW rotation angle φ from its C-state value within the NS model, we use k
domain harmonics (see also Supplementary Figure 10d) . The fitting procedure of the real data with NS model is given below.
In the first step we estimate the required number of harmonics. To this end, we find the smallest angular distance between the fundamental, Q (1) H , peak and the satellite peaks around, which in this case is Θ 1 ≈ 1.7
• . This value appears the same, independent of the fundamental peak (i.e. i = 2, 3) It gives a rough estimate of k (1) domain length and the number of groups as Θ max /Θ 1 = 5. Indeed, one can see from the cross-section that the peaks along
domain direction can be separated into five groups (Supplementary Figure 6) .
In the second step, we determine the averaged peak positions for each group. Peaks along the k
domain direction in the experimental data (cf. Fig. 3f in the main text) are additionally split in the radial direction by 2-3 pixels. This gives the characteristic scale of the additional modulation equal to 1/3 of the scan size or ∼ 70 nm. The only periodicity that can be found on such scale in real space image corresponds to the distance between groups of small domains, separated by groups of larger domains and vice versa. This kind of modulation is irregular and cannot be described by NS model. We collapse them into 'average' single peak using the simple centroid procedure described below.
To this end we estimate seed positions, that should be located at multiples of k (1) domain and hence lie on a straight line. Then we take rectangular area centered at seed centers and 1.7
• wide along k (1) domain and 10 pixels in the radial direction and calculate the weighted centroid for each of these areas. All the real experimental FT points included in the averaging, not just detected peaks. The resulting centroid FT coordinates are used as average peak positions to be fitted with NS model.
Fit is done using the least squares method. The quantity minimized is the deviation of all five NS harmonics of k (1) domain from the average experimental points. In the NS model we vary the Q Since NS theory describes well the domain structure of NCCDW state, we can use it to model various outcomes that could be found for supercooled NCCDW state. Here we consider two relevant scenarios: (i) "frozen" domains with single Q N C and (ii) sum of "frozen" domains corresponding to different Q N C .
The first scenario is equivalent to the trajectory, where the system is heated to some temperature above C-NC transition and then is quenched to low temperatures. The model FT corresponding to this scenario is shown in Supplementary Figure 10a , where the parameters are chosen to obtain large Θ angle (length of satellite tail) similar to that in experiment. In FT picture we should observe single fundamental Q Figure 10b ). This situation is discussed below.
The second scenario corresponds to the trajectory, where high-temperature state is quenched at intermediate rates and different Q N C are present in real-space picture. Another option is that single-Q rapidly quenched state has relaxed at low temperatures, as described above. In both trajectories the FT of such image will result in a number of Q Figure 10c ). This scenario has two distinct features in the FT picture. First, fundamental peak will be smeared and satellites will no longer be equidistant (due to random choice of local fundamental vectors). Second, satellites will not lie on the same line with fundamental peak. Both these features are in contrast to experimentally observed FT picture.
For comparison the model CDW state with 5 harmonics used to fit experimental data for the hidden state is shown in Supplementary Figure 10d domain . All of them correspond to either of three lines, which originate from fundamental peak (compare to panel (c)).
Supplementary note: Polaron count
Commensurate CDW state has a polaron crystal structure 10 , where exactly one electron is localized in the middle of the star of David. In a hidden state, part of these localized electrons is converted into itinerant ones. The doping is then determined as the difference between number of possible sites and number of polarons or, equivalently, the domain walls density. Below we describe how the counting was performed.
Each star of David appears as a well-defined peak in STM images. These peaks can be identified with the maximum filter based on the dilation algorithm. Here we have used its implementation in the scikit-image library for Python 11 . Two parameters can be varied in the algorithm: peak height and minimum number of pixels separating two neighboring peaks. The latter should match polaron size for correct detection. The former can be used to distinguish peaks belonging to either domains or domain walls. Examples for H, C and NC states are shown in Supplementary Figure 11a -c.
There are two sources of errors. First is related to edge effects, when several pixels of some peak are cut by the image edge and thus it is not detected (cf. Supplementary   Figure 11b ). For the chosen size of images this error is about 1%, as can be estimated by comparing the calculated density with that of densely packed hexagonal lattice of circles.
The second source is related to height modulation coming from defects, different contrast for different kinds of domain walls etc. In this case hand correction was used to remove false positives.
Finally, domain wall density in hidden state varies in space. To account for this effect, polaron count was performed in more and less dense areas and the error bars were set respectively. STM fine X-Y piezoscanners were calibrated at low temperatures within ten percents before measurements. Later each picture was corrected with FFT peaks to match the triangular lattice of stars of David, i.e. using 2 fundamental CDW vectors. Correction for scanner calibration, drift and X-Y crosstalk was done either by calculating the affine transform between the observed and ideal lattice. In all the cases 1.174nm was taken for CDW period, but this choice affects neither ratio between CDW and atomic periods nor the angles. The ratios were checked for consistency with positions of atomic peaks in FT whenever possible. The ratios were checked for all -H, C, NC -states.
